The Caenorhabditis elegans gonad provides a well-defined model for a stem cell niche and its control of self-renewal and differentiation. The distal tip cell (DTC) forms a mesenchymal niche that controls germline stem cells (GSCs), both to generate the germline tissue during development and to maintain it during adulthood. The DTC uses GLP-1/Notch signaling to regulate GSCs; germ cells respond to Notch signaling with a network of RNA regulators to control the decision between self-renewal and entry into the meiotic cell cycle.
Introduction
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adulthood. One major control of stem cells is their niche, which is the microenvironment that surrounds and maintains them. This concept was put forward over 30 years ago [1] , and the first niche was identified soon thereafter [2] . Since those early days, tremendous progress has been made analyzing a variety of stem cell niches in multiple organisms, including both animals and plants [3] [4] [5] .
Our review focuses on the stem cell niche for GSCs in Caenorhabditis elegans. This well-defined niche is formed by a mesenchymal cell, the distal tip cell (DTC). We begin by introducing the system and basic concepts critical to this system. We then review molecular controls that are responsible for generating and maintaining the DTC niche itself as well as molecular controls used by the DTC niche to control the decision between germline self-renewal and differentiation, both during development and in adults.
The distal tip cell provides a niche for germline stem cells
The cellular simplicity and genetic tractability of C. elegans contributed greatly to early identification of the DTC cellular niche and its use of Notch signaling for GSC maintenance. In this section, we provide essential background on the C. elegans germline and briefly review evidence that the DTC and Notch signaling regulate GSCs and germline self-renewal. We also include more recent studies that begin to delineate the DTC and its function in more depth. Importantly, Notch signaling is now recognized as a key regulator of stem cells more broadly (e.g. [6] ).
Germ cell background
C. elegans can exist as either a hermaphrodite (Fig. 1A) or male (Fig. 1B) , with the germline being organized similarly in the two sexes ( Fig. 1C and D) . All dividing germ cells reside within the "mitotic region" in the distal gonad. As new cells are born, germ cells move proximally out of the mitotic region, enter the meiotic cell cycle and progress through meiotic prophase, ultimately maturing as either sperm or oocytes. Hermaphrodites produce sperm in late stage larvae and oocytes in adults (Fig. 1C) ; males make sperm continuously from late stage larvae throughout adulthood (Fig. 1D) .
C. elegans GSCs and their controls were first investigated during larval development [2] ; more recently, they have been analyzed in adults (reviewed in [3] ). Newly hatched larvae possess a fourcelled gonadal primordium with two somatic gonadal progenitor cells (SGPs) embracing two primordial germ cells (PGCs). Each SGP divides asymmetrically to produce one DTC ( Fig. 2A and B) , but the PGCs and their GSC daughters divide symmetrically to expand germ cell number and generate the adult germline tissue. Although larval GSCs generate daughters that are equivalent in developmental potential, those daughters acquire distinct fates based on their proximity to the DTC niche: daughters near the DTC remain in the mitotic cell cycle and continue to generate new germ cells, whereas daughters further from the DTC enter the meiotic cell cycle during the third larval stage (L3) and ultimately differentiate as sperm or oocyte.
Adult GSCs are likely to behave like larval GSCs, with daughters in close proximity to the DTC retaining stem cell potential and daughters further from the DTC destined to differentiate [7] . All germ cells in the adult mitotic region actively divide and their division planes are variable [7] . We surmise that germ cells in the mitotic region retain stem cell potential but that most are destined to differentiate as they are continuously pushed away from the DTC. The "actual GSCs", defined as those cells within the niche that actually accomplish both self-renewal and the generation of differentiated cells, are likely to reside at the distal end of the mitotic region, immediately adjacent to the body of the DTC.
Germ cells begin to enter pre-meiotic S-phase in the proximalmost rows of the mitotic region [7] [8] [9] . It is not yet known when and where germ cells adopt a sperm or oocyte fate, but it seems to happen as they enter the meiotic cell cycle [10] . Importantly, the sperm/oocyte decision continues to be made in adults, suggesting that adult GSCs are not committed to either fate. Moreover, even when germ cells have entered the meiotic cell cycle and therefore embarked on one aspect of their differentiation, they remain totipotent: if the GLD-1 and MEX-3 RNA regulators are removed, germ cells in meiotic prophase can adopt any of several somatic fates [11] . Therefore, germ cells are normally totipotent, but their differentiation is constrained to meiotic progression and gametogenesis by RNA regulators, a theme we will come back to.
The DTC uses Notch signaling to control GSCs in both sexes
The DTC provides the stem cell niche for GSCs in both hermaphrodite and male germlines [2] . In hermaphrodites, a sin- gle DTC caps the distal-most germ cells in each of two gonad arms ( Fig. 1C) , while in males, two DTCs are positioned together at the distal end of the single male gonad arm (Fig. 1D ). DTCs are both necessary and sufficient for GSCs to generate germline tissue during larval development. When the DTC is killed in hermaphrodites (or when both are killed in males), germ cells in the niche stop mitotic divisions, enter meiosis, and differentiate ( Fig. 1C and D) ; a single male DTC is sufficient to generate an essentially normal germline. Manipulation of DTC position or number has corresponding effects on GSCs: DTC relocation moves the stem cell pool, and DTC duplication generates additional stem cell pools [2, [12] [13] [14] .
The DTC governs germline self-renewal by GLP-1/Notch signaling, henceforth referred to simply as Notch signaling [3] . Briefly, the DTC expresses two DSL ligands, LAG-2 and APX-1 [15, 16] , while the germline expresses the GLP-1 Notch-like receptor, the LAG-1 CSL DNA-binding protein and the LAG-3 transcriptional co-activator (also known as SEL-8). Importantly, Notch signaling is both necessary and sufficient for stem cell maintenance. Loss of Notch signaling eliminates germline self-renewal: germ cells stop dividing mitotically, enter meiosis, and undergo gametogenesis [17] ; this effect is seen when Notch signaling is turned off at any time during larval development or adulthood in either sex (Fig. 1E ) [18] . Conversely, unregulated Notch signaling drives the germline into a tumorous state (Fig. 1F ) [19] . Interestingly, germline tumors can also form if germ cells inappropriately contact non-DTC somatic tissues that express DSL ligands [20] [21] [22] . Therefore, while the DTC forms the normal niche for GSC self-renewal, other DSL-expressing tissues can function either as ectopic or latent niches to drive unregulated GSC divisions and to form tumors. Intriguingly, this finding suggests that latent niches could contribute to tumorigenesis and metastasis in humans [22] . Latent niches that become cancer microenvironments may be good targets for therapeutics [23] .
DTC cell biology and Notch signaling
The DTC architecture reveals more about this key regulatory cell. Nuclearly localized GFP highlights the position of the DTC nucleus at the distal end of the gonad (Fig. 1G) . By contrast, cytoplasmic GFP reveals DTC processes that extend proximally and either intercalate between the distal-most germ cells or extend along their surface ( [7, [24] [25] [26] ; D. Byrd, unpublished) ( Fig. 1H and I) . The size and shape of the adult DTC make it an intriguing candidate for regulating the size of the mitotic region. However, a correlation between the length of DTC processes and the length of the early adult mitotic region [24, 25] is not seen at other times or in mutants with longer or shorter mitotic regions [7] .
Analyses of Notch ligand regulation in the DTC are just beginning. In Drosophila and mammalian cells, both ligand and receptor internalization are necessary for Notch activation [27] . Although it is unclear why internalization of a ligand is important for receptor activation, two models are favored. Endocytosis of the Notchbound ligand might "activate" the receptor by exertion of a pulling force or "activate" the ligand by modification or localization [27] . In C. elegans, two potential effectors of GLP-1/Notch signaling include EPN-1/epsin and the Bro1-domain containing protein EGO-2 [28, 29] . Epsin binds specific phospholipids, selects cargo, and is important for inducing membrane curvature (reviewed in [30] ), while Bro1-domain containing proteins are targeted to endosomes [31] . Loss of either epn-1 or ego-2 enhances a weak glp-1 allele. RNAi assays suggest that epn-1 and ego-2 may function in the soma to affect GLP-1/Notch signaling in the germline [28, 29] . One possibility is that EPN-1 and EGO-2 function in the endocytic "activation" of somatically expressed DSL ligands. Consistent with this idea, functional LAG-2 and endocytic markers both localize in puncta near or at the cell surface of the DTC body and along its membranous processes ( [7, 32] ; D. Byrd, unpublished). Ligand processing could regulate the timing and level of DSL signaling. Thus the number of germline stem cells could be expanded or contracted by altering the activity of DSL ligands.
Hermaphrodite DTCs also control gonadal morphogenesis
In addition to their niche function, hermaphrodite DTCs are also "leader" cells during larval development: they lead the growing gonadal arm as it extends and turns [2] . The leader and niche functions are allocated to distinct cells in males, and they are genetically separable in hermaphrodites. Nonetheless regulators that drive leader function may also influence the hermaphrodite niche. Such regulators include matrix metalloproteinases [33] [34] [35] [36] , the netrin guidance system [37] , TGF␤ signaling [38] , Rac-GTPase signaling components [39] , and integrin cell adhesion receptors [40] . All of these components could theoretically affect both leader and niche functions.
Molecular controls of niche specification and maintenance
The size and strength of a stem cell niche affects stem cells [41] [42] [43] [44] . Therefore, it is critical to know how the stem cell niche itself is specified and maintained. Regulation of the DTC has now been worked out in some detail, and at least some of those controls are likely to be conserved in other animals.
Wnt pathway and CEH-22/Nkx2.5 control DTC specification
The DTC is generated by asymmetrical cell division in both sexes ( Fig. 2A) [45] . Molecularly, the DTCs are specified by the major C. elegans Wnt pathway, called the Wnt/␤-catenin asymmetry (W␤A) pathway (reviewed in [46] ). Details of the W␤A pathway are not critical here, but briefly, it activates transcription using the POP-1/TCF DNA-binding protein and the SYS-1/␤-catenin transcriptional co-activator (reviewed in [47] ). For DTC specification, the W␤A pathway directly activates transcription of the ceh-22 gene, which encodes the single C. elegans homolog of a homeodomain transcription factor known as Nkx2.5 in vertebrates or tinman in flies [14, 48] . In addition, NHR-25, an orphan nuclear hormone receptor, antagonizes the W␤A control of DTC specification [49] , while the HLH-2/E/daughterless transcription factor promotes DTC fate specification or fate maintenance [50, 51] . Importantly, the DTC is lost in mutants lacking the W␤A pathway or CEH-22 (Fig. 2B) , while extra DTCs are generated with overexpression of either SYS-1/␤-catenin or CEH-22 (Fig. 2C) [13, 14, 52] . Therefore, these regulators are both necessary and sufficient for DTC specification.
HLH-2 controls maintenance of DTC niche function
HLH-2/E/da affects DTC niche function in addition to its role in DTC specification [51] . Recall that LAG-2 is a DTC signaling ligand that activates Notch-dependent events in germ cells. In young larvae, HLH-2 depletion reduces expression of a lag-2 transcriptional reporter in those DTCs successfully made, and when hlh-2 RNAi is performed in later larvae and adults, HLH-2 depletion also reduces lag-2 expression in DTCs. Importantly, hlh-2 RNAi results in a shortened mitotic region in both hermaphrodites and males. By contrast, loss of ceh-22 or other components of the W␤A pathway does not reduce lag-2 expression. The simplest explanation is that HLH-2 acts early to control DTC specification and that it also acts continuously after the DTC is specified to promote lag-2 expression and maintain niche function.
Conservation of niche regulators?
How conserved are the DTC regulators for controlling stem cell niches more broadly? In mice, Wnt signaling controls differentiation of osteoblasts, which are part of the mammalian hematopoietic stem cell niche [41, 42, 53] . [Wnt signaling is also thought to promote self-renewal by acting on stem cells themselves, at least in some cases [54] .] In several organisms, the Wnt pathway and nuclear hormone receptors can exhibit cross-regulation [55] . Also in mice, Nkx2.5 is critical for development of the vasculature [56] , which can serve as part of the niche for hematopoietic stem cells [57] . Therefore, key controls of the nematode DTC niche have been implicated in regulating niches more broadly.
Germ cell intrinsic controls of self-renewal
Downstream of Notch signaling, a network of RNA regulators functions within germ cells to control their decision between selfrenewal and early differentiation. This network has been described in detail elsewhere [3] . Here we focus on stem cell control by two PUF RNA-binding proteins, which are conserved stem cell regulators [58] , but best understood in C. elegans.
FBF RNA-binding proteins control germline self-renewal
FBF, the collective term for the nearly identical FBF-1 and FBF-2 proteins, is the major germ cell intrinsic regulator of self-renewal [59, 60] . Normally, germ cells proliferate during larval development to generate ∼2000 adult germ cells and they continue dividing in adults to maintain that number (Fig. 3A, blue) . By contrast, in fbf-1 fbf-2 double mutants, germ cells stop dividing in L4 larvae after ∼120 germ cells have been made; the fbf-1 fbf-2 germ cells then all enter the meiotic cell cycle and differentiate (Fig. 3A,  green) . Therefore, FBF is essential for germline self-renewal in adults.
FBF also controls larval GSC divisions, but that effect is masked in fbf-1 fbf-2 double mutants by the upregulation of another regulator that promotes germline proliferation but not continued self-renewal [61] . That other regulator is FOG-1, a homolog of the cytoplasmic polyadenylation element binding (CPEB) protein [62] . The germ cells in fbf-1 fbf-2; fog-1 triple mutants stop dividing early in larval development with only ∼10 total germ cells; these few germ cells also enter meiosis and differentiate (Fig. 3A,  purple) [61] . In fbf-1 fbf-2 double mutants, FOG-1 protein abundance increases abnormally and promotes proliferation, but FOG-1 cannot promote divisions indefinitely. In fog-1 null mutants, by contrast, FBF drives GSC divisions without limit. Therefore, FBF is the key regulator of self-renewal while FOG-1 promotes a limited proliferation.
FBF acts downstream of Notch signaling
The FBF-1 and FBF-2 proteins are enriched in germ cells within the mitotic region [60, 63] , and fbf-2 is a direct target of Notch transcriptional activation [63] . Given that FBF is essential for germline self-renewal and that fbf-2 is a Notch target gene, the prediction was that FBF would be required for the germline tumor in a gain-of-function mutant of the GLP-1/Notch receptor [glp-1(gf)]. Surprisingly, glp-1(gf); fbf-1 fbf-2 germlines remain tumorous; however, if fog-1 is also removed, germline tumors are lost [61] . Importantly, FOG-1 removal on its own does not abolish a glp-1(gf) germline tumor. Therefore, the glp-1(gf) tumor requires FOG-1 in the absence of FBF, much as larval germline proliferation does. Although FOG-1 upregulation complicates the genetic epistasis results, the major point is that FBF acts downstream of Notch signaling as expected.
FBF represses a broad spectrum of mRNAs
FBF controls germline self-renewal by repressing a battery of mRNAs (Fig. 3B) . These FBF target mRNAs reveal how FBF controls multiple facets of germline self-renewal and differentiation; some target mRNAs also have implications for how FBF may maintain germline totipotency.
• FBF prevents meiotic entry by repressing gld-1 and gld-3 mRNAs [60, 64, 65] , which encode key regulators of meiotic entry [3] .
• FBF prevents differentiation by repressing mpk-1 mRNA [66] , which encodes the C. elegans homolog of ERK/MAPK [67] . MPK-1 promotes the sperm fate and affects germline apoptosis in the oogenic germline among other functions [66, 68, 69] . Importantly, the PUF control of ERK/MAPK is conserved: human PUM2 represses ERK/MAPK in human embryonic stem cells [66] .
• FBF prevents differentiation by repressing lin-3 mRNA [70] , which encodes the C. elegans homolog of EGF [71] . While LIN-3 has no apparent role in the germline, it is a potent regulator of somatic development [40] ; indeed when LIN-3 is aberrantly made in fbf-1 fbf-2 germlines, vulval development is defective [70] . The lin-3 case suggests that FBF may repress potent developmental regulators more broadly, not just those that control germline development.
• FBF maintains the normal balance between self-renewal and differentiation, at least in part by controlling its own mRNAs [63] . The idea is that FBF downregulates its own expression so that regulators promoting differentiation (e.g. the GLDs) can overcome its influence.
• FBF promotes the oocyte fate by repressing fem-3 and fog-1 mRNAs [59, 61] , which promote the sperm fate [3] .
• FBF promotes proliferation by maintaining FOG-1 abundance at a low level in young larval germ cells and in the proximal mitotic region of males [61] . FOG-1 effects are dose-dependent: low FOG-1 promotes continued mitotic divisions while high FOG-1 promotes the sperm fate.
All these FBF targets have been identified by a candidate approach. A genomic approach, now in progress, reveals that FBF is associated with many mRNAs (>1000) (A. Kershner and J. Kimble, unpublished) . Therefore FBF is likely to be a broad-spectrum regulator of mRNAs. Because the function of FBF within the germline is specialized for self-renewal, understanding its full range of targets is likely to illuminate how it controls stem cells and totipotency.
FBF also promotes meiotic entry
FBF is a well-documented mRNA repressor (e.g. [58] ), but two recent reports suggest that FBF can also activate mRNAs [72, 73] . The first clue was genetic. The major role of FBF is to drive germline selfrenewal, but it also promotes meiotic entry. Meiotic entry relies on two redundant regulatory branches (Fig. 3B) [3] . The GLD-1 translational repressor defines one branch, while the GLD-2/GLD-3 poly(A) polymerase and translational activator defines the other branch. FBF acts genetically within the GLD-2/GLD-3 branch [60, 72] . Thus, in gld single mutants, germ cells enter meiosis, but in gld-1 gld-2, gld-1 gld-3 or gld-1 fbf-1 fbf-2 mutants, meiotic entry is essentially abolished and a germline tumor results [60, 64, 74, 75] ).
How do we explain the role of FBF in the GLD-2/GLD-3 branch? One idea is that FBF acts directly with GLD-2 and GLD-3 to activate mRNAs and promote meiotic entry. This model is attractive because it can provide a molecular mechanism to drive the transition from self-renewal to differentiation. FBF target mRNAs that had been repressed in GSCs could be subsequently activated by changing the FBF molecular complex as germ cells move proximally and enter meiosis. Consistent with this model, FBF does in fact bind directly to both GLD-2 and GLD-3 both in vitro and in vivo [72, 76] , and FBF can promote GLD-2-dependent polyadenylation in vitro [72] . An alternative model is that FBF acts indirectly to promote meiotic entry, but no good candidates exist to date for that mechanism.
FBF is a major hub of the network controlling self-renewal versus differentiation
The network controlling germline self-renewal and early differentiation was assembled regulator by regulator and regulatory relationship by regulatory relationship-all from detailed genetic, biochemical and cellular data. This process is not complete, but the assembly now emerges as a network. One emergent network property is that FBF is a major hub, albeit a complex hub composed of FBF-1 and FBF-2. Thus, FBF is connected to all other nodes in the network by either regulation or protein interaction, and FBF removal is catastrophic.
A second emergent property of the RNA network is its robustness, a property deriving from multiple redundancies in the network. For example, either FBF-1 or FBF-2 is sufficient for selfrenewal, and either the GLD-1 branch or the GLD-2/GLD-3 branch is sufficient for meiotic entry. Therefore, removal of any single component in the network leaves both the mitotic region and the switch into meiosis intact. These redundancies mean that the network is remarkably robust and provide a mechanism for fine-tuning and network modulation in response to different regulatory inputs. Importantly, the size of the mitotic region changes subtly when any one regulator is removed (e.g. fbf-1 mutants have a smaller than normal mitotic region), making mitotic region size a sensitive measure of network state.
The prevalence of RNA regulation in the germline network is extraordinary. FBF is one example, but in addition, NOS-3 (Nanos), GLD-1 (quaking), GLD-2 (poly(A) polymerase), GLD-3 (BicC) and FOG-1 (CPEB) are all RNA regulators [3] . Therefore, Notch signaling controls the decision between self-renewing mitotic divisions and meiotic entry by a network of RNA regulators. RNA regulation is also critical for maintaining germline totipotency [11] . We suggest that RNA regulation is particularly well suited for the plasticity required to adjust the balance of self-renewal and differentiation in response to changes in reproduction, aging, nutrition, or other environmental cues.
Conclusions and future directions
Stem cells are controlled by both extrinsic and intrinsic factors. In the C. elegans germline, the DTC provides a cellular stem cell niche that maintains germline self-renewal via the GLP-1/Notch signaling pathway. The Wnt pathway and CEH-22/Nkx2.5 specify the DTC fate and HLH-2/E/da maintains DTC niche function. Many conserved RNA regulators act intrinsically within the germline tissue to control self-renewal and differentiation, including meiotic entry and the sperm/oocyte fate decision. In particular, FBF is a conserved stem cell regulator that functions in the C. elegans germline as a hub in the network controlling self-renewal and differentiation. Future analyses will reveal target mRNAs of all the key RNA regulators at a genomic scale and also probe the dynamics of RNA regulatory complexes as germ cells transition from a stem cell state through early steps in the path toward differentiation.
While much is known about the C. elegans GSC niche, much remains to be discovered. The DTC niche provides the essential microenvironment for continued germline self-renewal, but additional cells and factors from the "macroenvironment" may also impinge on GSC number or activity. For the C. elegans germline, that "macroenvironment" is likely to include gonadal sheath cells [77, 78] , the extracellular matrix [79] , and the animal's metabolism [80, 81] . The presence of gonadal sheath cells affects the number of germ cells in the mitotic region and the total number of germ cells made, but germline self-renewal still occurs in their absence [77, 78] . The extracellular matrix affects the integrity of the germline tissue [79] , and cholesterol starvation lowers brood size and total germ cell number [80, 81] . Important goals for future work include understanding how the niche and macroenvironment work together to control the equilibrium achieved between self-renewal and differentiation and exploring how GSCs are regulated under different physiological conditions (i.e. nutrition, stress, and aging).
